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Abstract
Laser–solid interactions are highly suited as a potential source of high energy X-rays for nondestructive imaging.
A bright, energetic X-ray pulse can be driven from a small source, making it ideal for high resolution X-ray radiography.
By limiting the lateral dimensions of the target we are able to confine the region over which X-rays are produced, enabling
imaging with enhanced resolution and contrast. Using constrained targets we demonstrate experimentally a (20± 3) µm
X-ray source, improving the image quality compared to unconstrained foil targets. Modelling demonstrates that a larger
sheath field envelope around the perimeter of the constrained targets increases the proportion of electron current that
recirculates through the target, driving a brighter source of X-rays.
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1. Introduction
High intensity laser pulses rapidly ionize and accelerate elec-
trons in laser–solid interactions, driving a multi-megaampere
current of relativistic electrons into the target[1–3]. This
electron current produces a bright source of bremsstrahlung
radiation as it propagates, which has long been used as
a source for radiography[4–11] and as a diagnostic for the
internal electron current[12–15]. In contrast to conventional
sources of X-ray radiation, laser-driven sources are able to
deliver a broad (keV to tens of MeV) range of energies in a
duration on the order of the laser pulse (∼ps) from a small
(<100 µm) source[6, 16]. High energy laser pulses (>100 J)
offer the potential of single-shot acquisition through larger
industrial samples when combined with thick (>10 µm)
high-Z targets due to the high flux of energetic X-rays
produced during the interaction. With the advent of high
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repetition rate high power lasers, commercial interest in
using laser-driven sources has grown[17, 18].
A key advantage of laser-driven systems, compared to
conventional X-ray sources, is the flexibility offered. By
altering laser and target conditions the X-ray beam properties
can be varied to suit the sample. Prior work has demonstrated
that the spectral emission can be altered by varying laser
and target conditions[14, 19, 20]. Modifying the target shape
provides a simple mechanism to optimize the flux and
spatial source size for industrial radiography. X-ray sources
<150 µm in size for thick high-Z targets[7] have been suc-
cessfully demonstrated during previous experimental cam-
paigns. Using laser-driven X-ray sources as a backlighter
in inertial confinement fusion has also been an area of
study, where experimental investigations have demonstrated
a bright Kα emission with the side profile of the target as
the source[16, 21–23]. While this technique has achieved a
source size of (5.5 ± 1.0) µm, the flux of X-rays emitted
from the target edge is lower than on laser axis and target
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Figure 1. Target geometries for the experimental campaign: (a), (b) foil
targets, (a) top view with laser incidence highlighted and (b) front view;
(c) side view of wire target.
normal[24, 25]. Bremsstrahlung sources of (30 ± 10) µm
have been demonstrated during laser-wakefield experiments
using a bremsstrahlung converter positioned after the laser–
gas interaction[26]. With wakefield generation, electrons are
significantly higher in energy than those generated in laser–
solid interactions and therefore scatter less through con-
verter targets, producing smaller source sizes with nar-
row divergence[27]. However, laser–solid interactions con-
vert a significantly higher proportion of laser energy to
hot electrons[27, 28] with a larger emitted beam divergence,
which is advantageous to industrial scale imaging require-
ments. In this paper, we report on results from a recent
experimental campaign using constrained targets to reduce
the X-ray emission area and drive a bright X-ray source
through increased refluxing of hot electrons and increase
the flux by ∼50% compared to unconstrained foil targets of
comparable thickness.
2. Experimental campaign
The experiment was conducted using the Vulcan laser
system[29]. The target variations are displayed in Figure 1.
Laser energy was 250 J and the pulse duration was ∼14 ps
providing a peak intensity of ∼1 × 1019 W/cm2. The
incident angle for foil targets was fixed at 5◦ relative
to the target normal. The experimental layout, shown in
Figure 2, provided sufficient magnification for the main
imaging line. Primary diagnostics for the spatial and spectral
measurements are discussed in their respective sections. A
high strength (0.6 T) magnet was positioned behind the target
rear surface to ensure that charged particle emission did not
contribute to the measured X-ray signal.
3. Spatial emission
The X-ray source size was measured via a set of on-
axis penumbral foils. The penumbral foil set has 300 µm
tungsten slabs curved to a radius of (152 ± 2) mm to
ensure that the transmission length of the X-rays sufficiently
Figure 2. Schematic of the primary imaging diagnostics. Main image
shows the emission line, with penumbral foils and hard X-ray spectrometers
included. The inset is an expansion of the penumbral foil setup, and the grey
cone represents the forward X-ray emission from target, with all distances
in mm measured from target position.
Figure 3. Two-source structure for penumbral lineouts.
attenuates up to 100 keV energies at a small depth (<1 µm)
into the foil. This curvature also ensures that part of the
foil is perpendicular to the incoming beam. One foil was
positioned to measure the vertical source (V-Foil) and one
for the horizontal (H-Foil). The setup, shown in Figure 2,
provided a magnification of ×17.5 for the horizontal axis
and ×13.4 for the vertical axis. The X-rays were detected
using layers of Fujifilm SR image plate (IP). Filtering from
the 2 mm Al chamber port when combined with the IP
sensitivity provided peak absorption at∼35 keV. Uncertainty
in measurements with the penumbral foil is a convolution of
both the point-spread function (PSF) – dominated by X-rays
scattering through filter materials – and minimum resolution
bounds shown by Fiksel et al. to be (118± 2) µm[30].
The observed X-ray signal is a convolution of two sources;
the first, a bright central source generated as the main
electron channel propagates through the target, and the
second, a diffuse source dominated by electrons recircu-
lating through the target substrate after their first pass,
see penumbral schematic in Figure 3. The large field of
view provided by the penumbral foil allows measurement
of both components of the X-ray source. The penumbral
radiographs demonstrate the effect of switching from foil to
wire targets, shown in Figure 4. The substrate feature from
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Figure 4. Penumbral radiograph, scale in mPSL (unit of flux for IP), and lineout for (a) foil and (b) wire targets. The dashed line in each radiograph is where
the lineout is determined.
Figure 5. Spectral measurements taken from hard X-ray spectrometers 11◦ from target normal, single-shot measurements made in parallel to source size
measurements. (a) Vertical and horizontal source from target types and materials measured by the penumbral foils, (b) flux on the first crystal per incident
laser Joule, and (c) effective temperature of the X-ray emission inferred via the technique discussed by Rusby et al.[31].
the foil introduces a large (∼1 mm) blurring function into
radiographs contributing similar levels of flux to the central
source. When switching to a wire this substrate source is
removed and all flux is contributed by the single source. The
source is asymmetric for wire targets as the electrons are
only restricted in the horizontal axis. Using the edge of a
foil, or supported wire targets, has previously demonstrated
1D and 2D restriction of the X-ray source[11, 16]. Figure 5(a)
shows the horizontal axis measurement decreasing with
decreasing target thickness, but when measuring the vertical
source size we see a relatively constant response – the X-ray
source measuring ∼60 µm irrespective of wire diameter. In
radiographs this presents as an asymmetric blurring function
giving poorer resolution in the vertical axis than in the
horizontal. This effect is not present for foil targets as we
see the horizontal and vertical sources are quasi-symmetric
and instead both axes have the same blurring function.
4. Spectral emission
Using the imaging detectors and two off-axis scintillator-
based hard X-ray spectrometers[31], we measured the on-shot
flux and spectra for each target configuration. As demon-
strated in Figure 5, the effective X-ray temperature for the
wire and foil targets is similar, yet the flux contributed
by wire targets is ∼50% higher than by foils of a similar
thickness. Increasing flux and effective temperature with
target thickness is expected. Larger targets attenuate more
of the soft X-ray emission and artificially harden the emitted
spectrum, and increase the likelihood of electrons interacting
with the background material – emitting bremsstrahlung –
on their first pass through the target. To explain the increase
when the target geometry changes we consider the effect that
the sheath is having on the internal electron population. An
electrostatic field builds on the target surfaces proportional
to the number density of electrons that reach the surface. As
such, for the same number of electrons the relative strength
is governed by the surface area over which electrons are
spread. In foil targets, the total available surface area is
Afoil = 2(lh + lw + hw), where l, w and h are the target
thickness, width and height, respectively; for a wire this
becomes Awire = 2pir(r + h), where r is the radius of the
wire. In the case where 2r = l and h > r , it can be shown
that for a foil target with w > l(pi − 2)/2 the surface area
is larger than that of a wire. As such, the number density of
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Figure 6. Results from PIC simulations. (a) Electron density (red scale)
and E-field (blue scale) spatial maps for the foil simulation at 500 fs.
(b) Same as (a) but for wire simulation. (c) Cumulative on-axis electron
density over the entire simulation. 0 µm indicates front surface for each
target. (d) Refluxing electron spectra with a two-temperature distribution,
see Table 1 for values.
electrons at the surface, and field strength, will generally be
lower for a foil than for a wire. Electrons accelerated later in
time are therefore more likely to recirculate in the wire, as
the average field strength will be higher.
5. PIC modelling
From particle-in-cell (PIC) simulations we are able to probe
the varying flux more directly. The simulations were con-
ducted with EPOCH[32] in 2D, focusing a 5 × 1019 W/cm2
laser onto the surface of a 25 µm target. The pulse duration
was 250 fs and the simulation was conducted for 850 fs,
and the results shown in Figures 6(a) and 6(b) were taken
at 500 fs where both the wire and foil targets had their
peak sheath field. The simulations compared the effect of a
standing wire and a foil to probe the difference in internal
electron density, and therefore resultant X-ray emission.
Variation in the scale length has been shown to have a
significant effect on the electron dynamics and resultant X-
ray yield[33, 34]; as such, in order to focus on the effect of the
geometry, both simulations included a 2 µm plasma scale
length on the front surface[35, 36].
The simulation results are shown in Figure 6. We see a
large increase in electron density within the wire target com-
pared to the standard foil over the duration of the simulation.
The predicted increase in field strength established on the
Table 1. EPOCH and GEANT4 simulation results, Nγ for the wire
simulations is normalized to the foil results.
Parameter Wire Foil
Thot/MeV 1.9 2.1
Tcold/MeV 1.3 1.2
N
electron/1018
5.7 3.7
Nγ 2.4 1
ηe→γ /% 9.66 2.7
wire compared to that of the foil in the simulation is shown in
Figures 6(a) and 6(b). This change in field strength drives the
internal electron density higher for the wire targets, shown in
Figure 6(c). The electrons are limited to E > 2.5 MeV in the
density and spectra plots as electrons below this energy are
dominated by collisional stopping rather than radiation[37].
Absorption through the simulations was equal for both target
geometries. For the wire, as there is a higher potential field
surrounding more of the target surface, more electrons are
constrained within the target. As the electrons recirculate
through the target their energy changes and as a result the
total spectra over the lifetime of the simulation vary for each
geometry.
In wire targets, where there is less surface area for elec-
trons to escape from, we see significantly more low energy
electrons remaining within the target, whereas, in the foil,
these same electrons would be able to escape laterally where
the sheath field is weaker. This results in a cooler two-
temperature distribution for the wire target (Figure 6(d) and
Table 1). As EPOCH cannot intrinsically determine the X-
ray radiation, the internal electron spectra were used in a
Monte–Carlo simulation with GEANT4[38, 39] to determine
the expected X-ray flux – simulated as a Maxwell–Juttner
distribution from 10 keV to 25 MeV to account for the lower
energy electrons not included in the EPOCH output. It is
necessary to have the full spectra over the PIC simulation
to account for the variation in energy of refluxing electrons
that GEANT4 cannot simulate[9]. In order to approximate
the increase in path length for the refluxing electrons, an
electric field was applied to the target surfaces. The strength
of the field was set to 4 TV/m. 106 electrons passed through
a gold foil 25–500 µm thick and a gold wire 25 µm thick.
The simulation results, in Figure 7 and Table 1, demon-
strate the increase in overall flux for a wire target compared
to an equally thick foil target. The increase in X-ray flux
from the GEANT4 simulations is the result of the change in
the two-temperature electron distribution. The more popu-
lous high energy tail of the wire target, shown in Figure 6(d),
generates bremsstrahlung more readily as it travels through
the target resulting in the increase seen in Figure 7(a). The
effective temperature of the simulated emitted spectra in-
creases more than that of the measured results (Figure 7(b)),
indicating that the recirculating population has changed for
the thicker foil targets. These results likely underestimate the
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Figure 7. Spectral output from the GEANT4 simulations. (a) Emitted X-ray
spectra using the simulated temperatures from EPOCH, temperature fits
shown with a dashed line. Kα line in gold shown with a black dot line.
(b) Effective X-ray temperature as a function of target thickness showing a
similar trend to Figure 5(c).
Figure 8. Spatial output from the GEANT4 simulations. (a) Source location
of detected X-rays within a 25 µm wire target. (b) Same as (a) but for a foil
target. (c) Horizontal line out of each source with the FWHM displayed.
(d) Source size as a function of target thickness showing a similar trend to
Figure 5(a).
low energy X-ray flux as the EPOCH output does not include
energies below 2.5 MeV – the significant increase in Nelectron
for the wire target, however, suggest that the underestimation
would favour the wire geometry. The spatial distribution
from the GEANT4 simulations is shown in Figures 8(a)
and 8(b) for the foil and wire, respectively; for the wire we
see a clear asymmetry in the source with electrons being
directed up and down the wire.
6. Radiographs
Imaging and source measurements were taken independently
so as not to interfere with the image. The industrial sample
is a scaled nuclear waste container. It consists of a 5 cm
diameter steel canister containing a uranium penny sample
encased in grout. The sample has previously been character-
ized in an X-ray transmission (XRT) machine (Figure 9(a)).
Figure 9. Demonstration of the reduced source size from narrow wire
targets. (a) A processed XRT radiograph from a continuous 2 s exposure,
(b) a single-shot acquisition from a 100 µm Ta foil target and (c) a single-
shot acquisition from 100 µm Au wire target. (d) The edge-spread function
(ESF) taken at the edge of the penny for both the foil and wire targets, the
dashed lines are polynomial fits of the data.
The uranium underwent controlled corrosion after being en-
cased in grout resulting in expansion of the penny and cracks
forming within the grout[40]. Figures 9(a)–9(c) demonstrate
that these cracks, which are indicators of containment fail-
ure, are resolved in both the heavily processed XRT image
and the two single exposure laser-driven X-ray images: a
key proof of concept for radiographic inspection. Using the
reduced source size and removal of the substrate source
demonstrated with wire targets, a 100 µm Au wire target
was used to ensure high resolution imaging and sufficient
flux to maximize the image contrast. The difference in the
edge-spread function (ESF) is displayed in Figure 9(d). The
full width at half-maximum (FWHM) of the ESF for the foil
is ∼2 mm and for the wire is ∼0.8 mm at 5× magnification
demonstrating a significant improvement in the quality of the
image.
7. Conclusions
Using constrained targets produces a significantly smaller,
higher contrast, and higher flux X-ray source compared
to standard foil targets. The results were measured via a
penumbral foil and practically demonstrated with a ×2.6
improvement in image quality with a radiograph of a nuclear
test sample. The increase in spatial contrast is due to the
limited area over which X-rays can be produced, there is no
lateral spreading in the source. The flux is improved relative
to similar targets due to the increased electron recirculation
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within wire targets. The electrostatic potential builds around
the full extent of the wire limiting the pathways that electrons
can escape from the target, driving a larger and cooler elec-
tron spectrum. This provides a simple targetry change that
drives a higher flux, higher spatial resolution image without
compromising the spectral emission for X-ray radiography.
The orientation of the wire confined the X-ray emission in
one axis; however, by aligning the target horizontally and
optimizing the wire length to electron temperature we expect
to retain similar contrast improvements in both axis.
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